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We experimentally demonstrate precision addressing of single quantum emitters by combined
optical microscopy and spin resonance techniques. To this end we utilize nitrogen-vacancy (NV)
color centers in diamond confined within a few ten nanometers as individually resolvable quantum
systems. By developing a stochastic optical reconstruction microscopy (STORM) technique for NV
centers we are able to simultaneously perform sub diffraction-limit imaging and optically detected
spin resonance (ODMR) measurements on NV spins. This allows the assignment of spin resonance
spectra to individual NV center locations with nanometer scale resolution and thus further improves
spatial discrimination. For example, we resolved formerly indistinguishable emitters by their spec-
tra. Furthermore, ODMR spectra contain metrology information allowing for sub diffraction-limit
sensing of, for instance, magnetic or electric fields with inherently parallel data acquisition. As an
example, we have detected nuclear spins with nanometer scale precision. Finally, we give prospects
of how this technique can evolve into a fully parallel quantum sensor for nanometer resolution
imaging of delocalized quantum correlations.
I. INTRODUCTION
Stochastic reconstruction microscopy (STORM) tech-
niques have lead to a wealth of application in fluores-
cence imaging1–3, for example few ten nanometers three-
dimensional spatial resolution has been achieved in cellu-
lar imaging. So far, STORM fluorophores have been used
as markers to achieve nanoscale microscopy of specific
targets4. Here, we present a novel spin-based approach
which promises to combine sub diffraction-limit imaging
via STORM and simultaneous sensing of various physical
quantities.
As a prominent multipurpose probe and and highly
photostable single emitter we use the nitrogen-vacancy
spin defect in diamond. It can be applied for nanome-
ter scale scanning magnetometry5–8 as well as magnetic
imaging9–14 (e.g. for imaging spin distributions, mag-
netic particles or organisms, or device intrinsic fields),
the measurement of electric fields and diamond lattice
strain15–19 (e.g. for imaging elementary charges or charge
distributions, or for imaging strain fields induced by
mechanical action on the diamond surface). Very re-
cently precise temperature measurements20,21 even in liv-
ing cells22 have been demonstrated.
During the last decades a variety of methods have been
invented to circumvent the diffraction limit in farfield
optical microscopy. One approach reduces the spa-
tial region within a laser focus from which optical re-
sponse of a single emitter is possible by exploiting op-
tical nonlinearities. Examples are stimulated emission
depletion (STED) and ground state depletion (GSD)
microscopy23,24. Another approach tailors the timing of
optical response of several emitters from within a diffrac-
tion limited spot to distinguish them in the time do-
main. One example is stochastic optical reconstruction
microscopy25–27. This latter technique is intrinsically
parallel as it utilizes a CCD array for imaging and is
therefore particularly suited for high throughput imag-
ing.
STED and GSD microscopy, which are both scanning
techniques, have been recently implemented for NV cen-
ters in diamond28–30 with resolutions down to a few
nanometers31. In addition, localization-based superres-
olution microscopy has been shown with NV centers in
nano-diamonds32.
Here, we experimentally demonstrate STORM for NV
centers in diamond as a new optical super-resolution
technique with wide-field parallel image acquisition for
NV centers in bulk diamond. Our technique is based
on recently gained profound knowledge about statisti-
cal charge state switching of single NV centers33 and its
scalability relies on the homogeneity of this charge state
dynamics for NV centers in bulk diamond. Furthermore,
we combine optical superresolution microscopy with high
spectral resolution optically detected magnetic resonance
(ODMR). On the one hand, we use the latter tech-
nique to assign magnetic resonance data to nanometer
scale locations, which is important for qubit or metrol-
ogy applications9–11,34. On the other hand different mag-
netic resonance fingerprints of closely spaced NV centers
are used to further increase the already obtained super-
resolution, as demonstrated in34,35, which is important
for emitter localization in imaging applications.
II. RESULTS
A. Relevant key features of NV centers in diamond
The negatively charged NV center in diamond is an
optically active emitter with an electronic spin in its
ground state (see fig. 1B) with favorable coherence
properties36,37. The NV’s special properties allow for
optical detection of single centers and the optical ini-
tialization and readout of its electronic spin38. The
latter is used for metrology5,15,21,39,40 and quantum in-
formation processing (QIP)34,41–44 applications. More
specifically, the NV center in diamond is a point de-
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FIG. 1. The NV center in diamond and the experimental setup. (A) Experimental setup (see text). In this illustration
one of three NV centers in the confocal spot is in the negative charge state (“On”) the others are neutral (“Off”). An exemplary
CCD image with marked PSFs is sketched. (B) Simplified energy level scheme for neutral and negatively charged NV center.
Laser induced rates are shown as orange arrows and luminescence is shown as wavy lines. The line widths symbolize strengths
of the transitions. The NV spin polarization rate is sketched as gray arrow and mw induced spin transitions are shown as
blue double arrow. (C ) Upper part displays the STORM measurement scheme for NV centers (see text). Laser illumination is
applied continuously and CCD imaging is performed with a fixed frame rate. The lower part shows an exemplary fluorescence
time trace recorded with an APD. Lowest count level indicates that all NV defects are in the “Off” state. Two distinguishable
higher fluorescence levels correspond to one and two NV centers in the “On” state. (D) (1) Laser intensity dependence of single
NV center fluorescence count rates Γ. (2) Laser intensity dependence of NV− charge state lifetime τon (i.e. “On” time). (3)
Laser intensity dependence of average photons per burst n. (4) The NV− charge state fraction (i.e. r = τon/ (τon + τoff)) for
excitation wavelengths between 580 nm and 610 nm.
fect in the diamond lattice consisting of a substitutional
nitrogen atom next to a carbon vacancy. It appears
mainly in two different charge states, NV− and the neu-
tral NV033 (see fig. 1B). Upon illumination in a wide
spectral range (≈ 500 . . . 637 nm) fluorescence indicating
the charge state can be invoked. The spectral excitation
windows as well as the fluorescence spectra for NV0 are
slightly blue shifted with respect to NV−, exhibiting a
zero-phonon line (ZPL) at ≈ 575 nm and ≈ 637 nm re-
spectively accompanied by phonon sidebands33.
Recently, frequent switching between NV− and NV0
charge states has been demonstrated, and can be de-
tected via the presence and absence of fluorescence
respectively33,45. This stochastic fluorescence switching
(i.e. visible bursts of fluorescence from single NV cen-
ters; see fig. 1C ) is exploited in our work for STORM.
By adjusting illumination intensity IL and wavelength
λL we can tune parameters such as fluorescence burst
length τon, photons per burst n and the “On” frac-
tion r = τon/ (τon + τoff) of the emitter (see fig. 1C,D
and Methods). As an example, for a single NV center
and IL ∼ 1 kW/cm2 of λL = 594 nm illumination light,
τon ∼ 2 s long bursts of n ∼ 600 photons become visible
separated by τoff ∼ 18 s of background fluorescence.
The demonstrated optically induced charge state dy-
namics and fluorescence response are homogeneous for all
NV centers in bulk diamond. This is a valuable property
for a scalable parallel superresolution microscopy tech-
nique.
B. STORM with NV centers in diamond
We demonstrate STORM on three NV centers within
a diffraction limited spot. In fig. 2A we compare the
resulting images from conventional (left) and STORM
(center) imaging. For conventional imaging we illumi-
nate emitters with 532 nm laser light at saturating power
3levels (i.e. with laser intensity IL ≈ 200 kW/cm2) result-
ing in a CCD image exhibiting a single fluorescent spot.
For STORM imaging, in contrast, we apply 594 nm laser
light with intensities on the order of IL ≈ 1 kW/cm2 (i.e.
far below saturation) finally yielding a reconstructed im-
age showing three distinct NV emitters.
When switching to the low intensity 594 nm laser light
for STORM, we start seeing distinguishable fluorescence
photon bursts (see fig. 1C ) either on a single photon
counting module (APD) or a CCD camera.
For STORM imaging we record CCD images at a con-
stant rate. As the “On”-”Off”-switching of fluorescence
happens stochastically, it is therefore not synchronized
with the CCD frames. We set the exposure time of the
CCD camera to the average “On”-time τon of the emit-
ters. As our emitters do not bleach we can record many
bursts per NV center. Finally, the asynchronous switch-
ing of the emitters necessitates post processing of the
data (see methods).
The idea of STORM is to assign all photons ni of a
single, localized burst i on the CCD to a single yet un-
known emitter. To this end, all photons ni are used to
calculate an average center location [xi, yi] with a reduced
location uncertainty σx/y,i as compared to the diffrac-
tion limit σλ,i. The improved uncertainty scales approx-
imately as σx/y,i ∝ σλ,i/√ni (see Methods). Eventually,
summing up Gaussian location distributions with param-
eters [xi, yi] and σx/y,i for all photon bursts yields fig. 2A
(center) where three individual emitters are clearly dis-
tinguishable. The FWHM of the location distribution is
27 nm (see fig. 2B) and in the absence of drift is projected
to be ≈ 14 nm (see fig. 2C and Methods). In the end,
each obtained emitter location corresponds to a partic-
ular, distinguishable subset of distributions (each of the
three spots in fig. 2A (center)). These distributions can
be used to further improve the localization accuracy of
that particular emitter to 6 A˚ in the present case (see
fig. 2A (right) and Methods).
C. Sub diffraction-limit magnetic resonance
As the photon count rate during fluorescence bursts of
STORM imaging does depend on the electron spin state,
tagging of photons by the NV spin state is feasible. An
exemplary conventional ODMR spectrum (see Methods)
of two spatially unresolved NV centers (see fig. 3A) is
shown in fig. 3B where the outer spectral lines (ν1, ν4)
belong to one NV and the inner resonances (ν2, ν3) to the
other one. Using conventional ODMR, however, no as-
signment of spatial to spectral information is possible. In
contrast, STORM in conjunction with ODMR (STORM-
ODMR) allows tagging the spatial location of NV centers
with spectral information to achieve said assignment (see
fig. 3C ).
In order to apply STORM-ODMR, we perform
STORM as described while simultaneously applying mw
radiation and switching its frequency repeatedly from ν1
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FIG. 2. Sub diffraction-limit imaging of NV centers by
STORM. (A) From left to right: Diffraction-limited CCD
image of three unresolved NV centers. STORM image of the
formerly unresolved centers shows three distinct location dis-
tributions. Emitter localization accuracy is further reduced
due to multiple photon bursts per NV. The STORM settings
were 1 s average “On” time and on average 350 photons per
burst. (B) 1d line scan through a STORM image. The emit-
ter location distribution (x-coordinate) resolves two NV de-
fects with FWHM = 27 nm respectively 29 nm. Here the av-
erage “On” time was 4 s. (C ) Resolution as a function of the
“on” time or the number of photons per burst, respectively.
Green squares are measurement data, the blue curve is a fit
according to eqs. (C1),(C3), considering the changing num-
ber of signal and background photons with increasing “on”
time. The red curve shows the theoretical resolution, when
the contribution caused by sample drift is neglected.
through ν4 synchronously to the CCD frames. The re-
sulting image is shown in fig. 3C. Here, we have added
up all location distributions of photon bursts for mw fre-
quencies ν1,4 and subtracted those for ν2,3. As a result
we see a red (positive) and a blue (negative) distribution
of locations, belonging to the NV with resonances ν2,3
and the one with resonances ν1,4 respectively. Both dis-
tributions are separated by a zero crossing (see linescan
in fig. 3C ). Please note that this zero crossing will occur
for every distance of the two emitters even if they are
closer than the STORM resolution σx/y,i. This shows
that ODMR can be used to enhance the STORM res-
olution (see Methods) similar to diffraction limited mi-
croscopy like demonstrated in7,34,35,46.
Further on we show that localization is not only sensi-
tive to the electron but also to nuclear spin states. Uti-
lizing high spectral resolution magnetic resonance enables
to reveal hyperfine coupling to proximal nuclear spins.
To this end, we reduce the mw power to avoid a related
broadening of the ODMR resonance lines, and thus to
exploit the small electron spin relaxation rate. The lat-
ter is mainly limited by the 13C nuclear spin bath37. We
demonstrate high spectral resolution by sampling the fre-
quency range around resonance position ν1 obtained in
4the previous ODMR measurement. Consequently, we are
able to assign a partial high resolution ODMR spectrum
to each individual NV center (see fig. 3D). As expected,
one NV center shows ODMR resonances in this spectral
window whereas the other one does not. In the corre-
sponding spectrum we can resolve the hyperfine coupling
to the adjacent 14N nuclear spin. The summed up con-
trast of the STORM-ODMR spectrum of 18 % is com-
parable to that of conventional ODMR spectra on NV
centers (i.e. ≈ 30 %). To further discriminate individ-
ual, proximal bath spins dynamical decoupling sequences
need to be applied47.
From the resonance lines’ slopes and contrasts in the
STORM-ODMR spectrum in fig. 3D we estimate the
magnetic field sensitivity for a single NV spin to be
δB ≈ 190µT/√Hz (see Methods). Combined with the
advantage of parallel imaging we can in principle measure
the magnetic field at all accessible centers at once.
III. DISCUSSION
Summarizing we demonstrated the first optical super-
resolution imaging technique with parallel data acquisi-
tion for NV centers in bulk diamond. Additionally, we
were able to combine superresolution imaging with spin
resonance techniques. Due to the homogeneity of the ex-
ploited properties among NV centers in bulk diamond
our method is intrinsically scalable to a vast number of
color centers simultaneously.
Regarding the optical super-resolution imaging of NV
centers, we developed a dedicated STORM technique
achieving a FWHM resolution of single emitters of 27 nm
and a localization accuracy of 6 A˚. As our emitters inher-
ently do not bleach or move with respect to the diamond
itself, it is a potential calibration sample for STORM
microscopes or a fixed background reference for exper-
iments on otherwise moving objects of study. Further-
more, there is no need for high intensity or even pulsed
lasers as illumination source which makes our method
extremely valuable for biological experiments in vivo or
any other light or temperature sensitive measurements.
Regarding nanometer-scale spin resonance, we com-
bined STORM with ODMR to demonstrate NV elec-
tron spin readout with a spatial resolution far below
the diffraction limit. We have utilized this technique to
further improve spatial resolution of the imaging tech-
nique and for highly localized nuclear spin detection. It
is therefore particularly valuable for applications of dia-
mond as an ”microscope sensor slide”. Here, dense en-
sembles of NV centers (i.e. distances of ∼ 10 nm) are
placed close (∼ 1 nm) to the diamond surface and can
then detect physical quantities (e.g. magnetic and elec-
tric fields or nuclear spin concentrations) originating from
samples just outside of the diamond9–14,48,49.
Another application of STORM with NV centers could
be fluorescent nano-diamonds used as bio markers. At
the current time, application of our STORM technique
to nano-diamonds is challenging due to the large inhomo-
geneity of NV and nanodiamond properties. For exam-
ple, fluorescence intensities, charge state ratios as well as
timescales and spectral response of charge state dynamics
differ greatly among different NV centers and nanodia-
monds. The latter observation was attributed to elec-
tron tunneling and differing Fermi levels among nanodi-
amonds in32. Nevertheless, in32, a similar charge state
switching mechanism was used to superresolve NV cen-
ters.
Beyond our proof-of-principle experiments there is
room for further improvement. With the reduction of
sample drift and the increase of photon collection effi-
ciency a FWHM resolution below ≈ 10 nm is achievable
in the short term. In the longer term, control of the Fermi
level, diamond doping and surface preparation50,51 might
allow for a wider range of possible illumination intensities
and wavelengths and thus higher acquisition speeds and
a tailored degree of parallelism. Furthermore, we have
sketched a road towards a fully parallel two-dimensional
quantum sensor array with nanometer scale resolution.
Some of its features would be for example large area par-
allel magnetic field sensing which outperforms scanning
techniques by orders of magnitude (see methods), or the
direct imaging of spatially distributed quantum correla-
tions on length scales down to nanometers.
Appendix A: Experimental setup
The setup can be divided into two main parts which are
the optical microscope to address single NV centers and
the spin manipulation equipment consisting of microwave
(mw) sources and static magnetic fields (see fig. 1A). The
microscope is capable of both wide-field CCD imaging
and scanning confocal imaging. For illumination we use
lasers with wavelengths 532 nm and 594 nm which can be
both switched on the order of ns and which are intensity
controlled. In order to detect fluorescence only from neg-
atively charged NV centers an optical longpass filter with
a cutoff wavelength of 650 nm is used. For adjusting the
electron spin energy eigenstates and the respective tran-
sition frequencies we place and orient permanent magnets
accordingly. Microwave radiation for spin manipulation
is guided via copper wires close to the NV centers.
For confocal imaging a collimated beam is sent into an
high NA oil immersion objective and fluorescence light is
collected by the same objective and finally focused onto a
pinhole for spatial filtering and then onto a single photon
counting avalanche photo diode (APD, see fig. 1). A 3D
piezostage with nanometer precision is used to move the
objective across the diamond sample. For CCD imag-
ing the piezoscanner is fixed and additional lenses can be
flipped into the beam path to focus the illumination laser
onto the back focal plane of the objective which leads to
wide-field illumination. In that case the fluorescence light
is guided onto the pixel array of an electron multiplying
CCD camera (iXon Ultra 897, Andor Technology). The
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FIG. 3. nano-scale magnetic field sensing with NV de-
fects. (A) Diffraction limited microscopy image of two NV
centers with different crystallographic orientations (see inset
sketch). (B) Conventional cw ODMR of NV pair exhibiting
two pairs of resonance lines. Addressing of individual spins
is possible due to different NV orientation but assignment
to a location is missing. (C ) (top) STORM-ODMR measure-
ment sequence (see text). The average NV “On” time was 1 s.
(bottom) STORM-ODMR image (see text). The zero cross-
ing (see linescan) between both centers will even appear for
mutual distances below STORM resolution. (D) High res-
olution STORM-ODMR spectra assigned to individual NV
centers. The mw frequencies are centered around ν1. Thus,
only the blue NV shows a resonance.
magnification is set such that 100 nm in the focal plane
corresponds to one pixel on the CCD (see fig. 1A).
We use commercial CVD diamond samples of type IIa
which contain as grown and artificially created NV cen-
ters.
Appendix B: NV charge state switching for STORM
For illumination with λL=594 nm light and intensities
IL far below saturating levels, the NV center fluorescence
level exhibits sudden jumps which can be attributed to
charge state switching from NV− to NV0 induced by two
photon ionization (see fig. 1C )33,45. This behavior can
be characterized and controlled as follows. The aver-
age “On” and “Off” times, τon and τoff , of fluorescence
bursts and background fluorescence respectively are in-
versely proportional to I2L (τon, τoff ∝ I−2L ). In addition,
The fluorescence count rate Γ during a burst is directly
proportional to IL (Γ ∝ IL). Consequently, the aver-
age number of photons per burst n is proportional to
the square-root of τon and inversely proportional to IL
(n ∝ √τon, n ∝ I−1L ; see fig. 1D). The ratio of τon and
τoff can be altered by tuning the illumination wavelength
(see fig. 1D). For 594 nm illumination light the τon frac-
tion is r ≈ 0.1, and it decreases for longer wavelengths.
Appendix C: STORM
During STORM imaging we continuously record CCD
images at a constant rate while the “On”-”Off”-switching
of fluorescence happens stochastically. This necessitates
post processing of the data which is divided into two
steps. First, we select frames with just a single active
emitter by setting upper and lower thresholds for the
photon number. Thus we discard empty frames or those
with two or more active emitters. In a second step we
check for lateral asymmetries in the fitted PSF of all re-
maining frames as an additional sign for more than one
active emitter.
For the remaining frames a 2d Gaussian function is
fitted to frame number i which yields a center location
[xi (ni) , yi (ni)], the number of photons ni and the width
σλ,i of the point spread function. Please note that the
Gaussian function is just an approximation of the real
point spread function (PSF)52. The width σλ,i of the fit-
ted PSF allows to determine the relative axial location of
the emitter with respect to the focal plane. In our case
however all emitters are in the same focal plane. As the
number of photons contributing to the center location
is ni the expected standard deviation of that location
should scale as σx/y,i ∝ σλ,i/√ni. Sensor pixelation and
background noise, however, affect the standard deviation
like53
σ2x/y,i =
σ2λ,i
ni
+
a2/12
ni
+
8piσ4λ,ib
2
a2 · n2i
(C1)
where a=100 nm is the pixel size of the images and
b(t) ≈ 1+0.3 s−1 · t accounts for background photons per
pixel in dependence of exposure time t. In our STORM
technique the average number of photons ni increases
with the square-root of the burst length/ exposure time
t, where the burst length is altered by the illumination
intensity. Hence, we expect an optimal time for mini-
mal standard deviation σ2x/y,i according to eq. (C1) (see
fig. 2C ).
With a set of locations [xi, yi] and standard deviations
σx/y,i for each valid CCD frame we construct a new emit-
ter location distribution
p(x, y) =
∑
i
1
2piσ2x/y,i
exp
(
− (x− xi)
2 + (y − yi)2
2σ2x/y,i
)
(C2)
by adding up 2d Gaussians with the respective parame-
ters and unit weight. Figure 2B and C shows the result-
ing super-resolution image with typical FWHM of the
location distributions of ≈ 28 nm.
For on average ≈ 700 photons per burst and aver-
age burst lengths of 4 s these location distributions are
6broader than what is expected from eq. (C1). This is due
to sample drift during the accumulation of CCD frames
which leads to additional broadening when all bursts are
summed up according to eq. (C2). Thus, the overall stan-
dard deviations of the emitter locations can be estimated
as
σ2x/y = σ
2
x/y,i + σ
2
drift (C3)
where we have evaluated the drift to be σdrift ≈ 10 nm.
As the achieved standard deviation σx/y ≈ 28 nm is
smaller than the average distance between the emitters
we are able to recognize single distinct location distribu-
tions for individual NV centers. Thus, we can compute
the localization accuracy σˆx/y = σx/y/
√
M where we ide-
ally gain an additional factor of 1/
√
M where M is the
number of detected bursts for an individual NV center
(see fig.2B). With an average number of bursts per NV
of ≈ 2000 we achieve a localization accuracy of σˆx/y=6 A˚.
The presented resolution in fig. 2C was achieved un-
der optimal conditions (i.e. optimal laser intensity) with
respect to standard deviation σx/y of location distribu-
tions. The optimum of σx/y arises from an increase of
n ∝ √τon for decreasing laser intensity (i.e. increasing
exposure time τon) on the one hand and an increase in
background noise b ∝ τon on the other hand (see eq. C1).
For laser powers below the optimum value, b will become
the leading term resulting in worsening resolution. In
fig. 2C the FWHM of the location distribution is pre-
sented for different average burst durations (i.e. different
laser powers). The theoretical estimation is in agreement
with these values. We like to stress that the current res-
olution is mainly limited by sample drift. Accordingly,
we estimate FWHM in the absence of sample drift to be
≈ 14 nm.
Appendix D: Sub diffraction-limit magnetic
resonance
At first conventional ODMR is performed on two NV
centers within one diffraction-limited spot. To this end
532 nm laser light (with intensities saturating the optical
transition of the NV centers) and mw radiation (capable
of spin transition rates of ≈ 10 MHz) are continuously on,
the mw frequency is swept and the corresponding fluo-
rescence is recorded. The laser pumps the NV spin into
projection mS=0 whereas resonant mw radiation induces
transitions mS = 0 ↔ ±1 (see fig. 1B). As the Zeeman
interaction splits the mS = ±1 levels there are usually
two different resonances. Away from spin resonance the
spin state is mS = 0 and accordingly a high rate of fluo-
rescence photons is obtained. Upon resonance conditions
the levels mS = ±1 become populated and the fluores-
cence decreases. Although both NV centers are exposed
to the same external magnetic field, by chance their sym-
metry axes lie along different directions of 〈111〉 in the
diamond lattice resulting in crystal fields with different
directions5. Thus the vectorial sum of external and crys-
tal field is different for both NV centers and thus are their
ODMR resonance lines.
Fig. 3C demonstrates mw enhancement of STORM
resolution. The zero crossing of the linescan in fig. 3C
will be visible for any distance d between two NV cen-
ters. However, the depth of the minimum and maximum
will approximately decrease proportional to d. Thus, to
achieve a unit signal to noise ratio the number of accu-
mulated photons for decreasing d goes as 1/d2 or inverse
measurement time squared. In other words, the resolu-
tion increases further as square root of the photon num-
ber.
For high spectral resolution magnetic resonance we
have reduced mw power to avoid power broadening of
the resonance lines and we have sampled the resonance
line ν1 in small frequency steps. For each valid CCD
frame we noted the corresponding mw frequency. As in
the previous measurement, one NV shows a resonance
around ν1 and the other one does not. Apparently, the
linewidth is drastically reduced and the hyperfine inter-
action of 2.2 MHz to the nitrogen nuclear spin with total
nuclear spin I = 1 is visible. The current linewidth limit
is set by the 13C nuclear spin bath37.
From the high resolution STORM-ODMR we can cal-
culate the magnetic field sensitivity. Therefore we can
take into account all three hyperfine lines (mI = −1, 0, 1)
because they would be shifted commonly upon a change
in magnetic field. For the sensitivity we arrive at
δB =
( ∑
mI=−1..1
dΓ
dν
∣∣∣∣
max
)−1
σΓ
2pi
γe
√
T (D1)
where dΓ/dνmax is the maximum slope at each hyperfine
line, σΓ is the standard deviation of the data from the
fit, γe is the gyromagnetic ratio of the electron spin and
T is the total measurement time. Finally, the achieved
sensitivity is δB ≈ 190µT/√Hz. This value is four times
higher than what is expected for bare photon shot noise
limitations. We attribute this mismatch to the post pro-
cessing of the CCD frames and fluctuating laser intensity.
The magnetic field sensitivity for conventional single
NV experiments are better because of the higher fluo-
rescence count rate. Under similar conditions (i.e. same
ODMR linewidth) an ideal single NV experiment (shot
noise limited) would yield ≈ 180 nT/√Hz54. Conse-
quently, the conventional sensing technique is ≈ 106
times faster for a single NV center. However, when
scanning many NV centers in parallel and with nanome-
ter spatial resolution this will eventually pay off. For
example, with a field of view of 100 × 100µm2 and
CCD with 1024 × 1024 pixels we can resolve and con-
sequently measure the local magnetic field of ≈ 107 NV
centers simultaneously given a FWHM spatial resolution
of ≈ 30 nm. A scanning super-resolution technique like
STED ideally might achieve the mentioned sensitivity of
δB ≈ 180 nT√Hz. However, as the number of NV centers
in our example is 107 its overall speed is still one order
7of magnitude slower than our STORM-ODMR method.
With foreseeable improvements the speed of STORM-
ODMR can be increased by many orders of magnitude
(see below).
Appendix E: STORM-ODMR prospects
Our novel technique of using STORM in conjunction
with ODMR on NV centers can be used for building very
powerful quantum sensors. The latter exploits the sensi-
tivity of the NV center’s spin transition on quantities like
magnetic and electric fields, strain or temperature. For
the first time a truly parallel quantum sensor array with
nanometer scale “pixel” size can be envisioned. Some
of its features would be for example large area parallel
magnetic field sensing or the direct imaging of spatially
distributed quantum correlations on length scales down
to nanometers.
Taking into account current NV diamond properties
we are going to estimate the achievable sensitivity of a
potential NV sensor based on STORM-ODMR. With re-
spect to magnetic field sensitivity it is optimal to have
the smallest possible ODMR linewidth. For full bene-
fit with cw laser illumination, the optical excitation rate
must be similar to the decoherence rate (i.e. inverse
linewidth). In our demonstrated nano-scale ODMR the
linewidth was limited to≈ 1 MHz by the diamond nuclear
spin bath37. For comparison, the optical excitation rate
was ∼ 1 kHz. Thus, a potential reduction of the ODMR
linewidth down to the order of the optical excitation rate
(as demonstrated in37) would yield a linear sensitivity
enhancement of three orders of magnitude. For further
improvement in sensitivity both, optical excitation rate
and magnetic resonance linewidth, would have to be de-
creased equally and the sensitivity improvement would
then scale as the square root of the rate reduction54.
In addition to rather incoherent cw ODMR techniques
also pulsed schemes are applicable. These allow for a
higher versatility owing to coherent spin control15,21,36,48.
To this end, laser and mw control of the spins are
interleaved36 to prevent optical excitation during coher-
ent spin operations.
Summarizing, STORM-ODMR enables the same mea-
surement possibilities as demonstrated for single NV cen-
ters with the benefit of an increased spatial resolution
and highly parallel control and readout, however, with
a lower fluorescence count rate per emitter. The lat-
ter drawback can be mitigated in ultrahigh sensitivity
metrology applications where spin transitions with homo-
geneous linewidths of ∼ 1 kHz are exploited36. In these
cases average fluorescence count rates for conventional
single NV measurements and STORM-ODMR measure-
ments approach the order of emitter “On” and “Off” time
ratio which is ≈ 10 in our experiment. Thus conventional
measurements would be ∼ 10 times faster for a single NV
center. Eventually, parallel STORM-ODMR measure-
ments on as few as ∼ 10 NV nanoprobes would perform
equally well as conventional serial measurements on ∼ 10
single NV centers. With a 100 × 100µm2 area, 60 mW
laser power, a FWHM resolution of 14 nm and a corre-
sponding NV density, parallel measurements would be up
to 106 times faster than serial super-resolution measure-
ments.
The currently sketched sensor array does not operate
fully parallel, which means NV centers within a confocal
spot are readout in serial. To take an instant snapshot
of the whole sensor array with nanometer resolution, nu-
clear spins can be employed as non-volatile memory55,56.
To this end, all NV center probes sense at the same
time9, their results are stored on their individual proxi-
mal nuclear spins (e.g. 14N,55) which are then read out
via STORM-ODMR. This way even delocalized quantum
correlations can be monitored.
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